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Prolonged continuous performance of a cognitively demanding task induces cognitive fatigue and is associated with a time-related
deterioration of objective performance, the degree of which is referred to cognitive fatigability. Although the neural underpinnings of
cognitive fatigue are poorly understood, prior studies report changes in neural activity consistent with deterioration of task-related
networks over time. While compensatory brain activity is reported to maintain motor task performance in the face of motor fatigue
and cognitive performance in the face of other stressors (e.g., aging) and structural changes, there are no studies to date demonstrating
compensatory activity for cognitive fatigue. High-density electroencephalography was recorded from human subjects during a 160 min
continuous performance of a cognitive control task. While most time-varying neural activity showed a linear decline over time, we
identified an evoked potential over the anterior frontal region which demonstrated an inverted U-shaped time-on-task profile. This
evoked brain activity peaked between 60 and 100 min into the task and was positively associated with better behavioral performance only
during this interval. Following the peak and during subsequent decline of this anterior frontal activity, the rate of performance decline
also accelerated. These findings demonstrate that this anterior frontal brain activity, which is not part of the primary task-related activity
at baseline, is recruited to compensate for fatigue-induced impairments in the primary task-related network, and that this compensation
terminates as cognitive fatigue further progresses. These findings may be relevant to understanding individual differences in cognitive
fatigability and developing interventions for clinical conditions afflicted by fatigue.
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Introduction
Fatigue may be defined in terms of behavioral, physiological, and
psychological changes induced by prolonged task performance

(Kluger et al., 2013). Whereas the behavioral and psychological
aspects of fatigue are well described, less is known regarding
physiological changes underlying fatigue. A major challenge fac-
ing researchers is determining the significance of time-varying
physiological signals that may reflect (1) functional deterioration
of systems underlying task performance, (2) engagement of sys-
tems associated with monitoring effort/fatigue, (3) learning or
other time-dependent processes not associated with fatigue,
and/or (4) engagement of compensatory processes to maintain
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Significance Statement

Fatigue refers to changes in objective performance and subjective effort induced by continuous task performance. We examined
the neural underpinnings of cognitive fatigue in humans using a prolonged continuous performance task and high-density
electroencephalography with the goal of determining whether compensatory processes exist to maintain performance in the face
of fatigue. We identified brain activity demonstrating an inverted U-shaped time-on-task profile. This brain activity showed
features consistent with a compensatory role including: peaking between 60 and 100 min into the task, a positive association with
behavioral performance only during this interval, and accelerated performance decline following its peak. These findings may be
relevant to understanding individual differences in cognitive fatigue and developing interventions for clinical conditions afflicted
by fatigue.
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performance. Prior neurophysiologic studies of prolonged cog-
nitive tasks report changes consistent with functional deteriora-
tion of task-related networks, enhanced effort, and increased
fatigue perception (Gevins et al., 1987; Ishii et al., 2013; Esposito
et al., 2014; Tanaka et al., 2014). To our knowledge, there have
been no studies demonstrating engagement of compensatory
brain activity to maintain performance for cognitively fatiguing
tasks. This is a significant gap, as understanding compensatory
mechanisms may help us predict individual variability of cogni-
tive fatigability, understand how neurologic lesions cause fatigue,
and develop therapeutic interventions. As compensatory brain
activity is involved in maintaining motor performance in the face
of fatigue and cognitive performance in the face of sleep depriva-
tion (Drummond et al., 2000), environmental noise (Wong et al.,
2009), and aging (Barulli and Stern, 2013), we hypothesized that
similar compensatory mechanisms are also engaged with cogni-
tive fatigability.

To test this hypothesis, we recorded brain activity using
high-density electroencephalography (EEG) during a 160 min
continuous cognitive control task (cued Stroop task) in healthy
volunteers to identify temporal and functional profiles of neural
activity consistent with compensation. We examined changes
in preparatory activity time locked to the color-naming instruc-
tional cue because prior studies showed proactive cognitive con-
trol is more susceptible to fatigue than other cognitive functions
(Lorist et al., 2005). Taking a completely data driven approach,
we first examined variability in global field power (GFP) over the
course of the 160 min task to identify time periods of interest
relative to cue onset (Lehmann and Skrandies, 1980). We then
used event-related potentials (ERPs) to identify topographic
regions of interest. Finally, we modeled changes of ERP ampli-
tudes over time in relation to behavioral performance to deduce
its underlying functional role.

Materials and Methods
The experimental protocol was approved by the University of Florida
Institutional Review Board. Sixteen college students free from neurolog-
ical disorders and with normal or corrected-to-normal vision provided
written informed consent and participated in the study in exchange for
course credit. All participants were right-handed and native English
speakers. They were asked to refrain from consuming caffeine or nicotine
on the day of testing. All experiments began at 9:00 A.M. Data from 14
subjects (18 –33 years of age, 19.5 � 3.9 (mean � SD) years, seven fe-
males, seven males) were included in the analyses reported here. Two
participants were excluded for (1) excessive motion artifacts and (2) poor
electrode-scalp connection.

Study design and experimental paradigm
Participants sat in an acoustically and electrically shielded room and
performed a computerized cued Stroop task (Cohen et al., 1999) contin-
uously for 160 min (Wang et al., 2014). Instructions and stimuli were
displayed visually on a PC. Each trial began with an instructional cue
(“word” or “color”) presented for 1 s, followed by a word stimulus
(“red,” “blue,” or “green”) written in colored letters for a random cue-
target interval of 1, 3, or 5 s in duration. For the “word” task, participants
were instructed to read the word, whereas for the “color” task, partici-
pants were instructed to name the color of the letters. Sixty percent of the
trials were congruent (e.g., the word “red” written in red letters) and 40%
were incongruent (e.g., the word “red” written in green letters). Reaction
times (RTs) were determined by voice activation software, and verbal
responses were manually recorded. After a brief practice session (30 tri-
als), participants were fitted with EEG electrodes and asked to perform
the task for a single 160 min session. Breaks for any purpose were taken
only if requested and resulted in the termination of the experiment and
the exclusion of the participant.

EEG recording and preprocessing
The EEG data were recorded using a 128 channel BioSemi Active Two
System (BioSemi) at a sampling rate of 1024 Hz. A left central posterior
electrode served as reference. The three-dimensional coordinates of each
electrode as well as three fiducial landmarks were determined by means
of a Polhemus spatial digitizer. Off-line data preprocessing was per-
formed using BESA 5.3 (BESA), EEGLAB (Delorme and Makeig, 2004),
and custom scripts. The continuous EEG data from each subject were
first visually inspected. Data segments contaminated by large head move-
ment artifacts were rejected. Channels with poor signal quality were re-
jected and replaced by spatially interpolated data. The EEG signals were
then bandpass filtered between 0.1 and 83 Hz and downsampled to 250
Hz. The data within the period from �200 to 1500 ms relative to cue
onset (0 ms) were epoched for analysis. Artifacts, including eye move-
ments and eye blinks, temporal muscle activity, and line noise, were
removed from data epochs using the Infomax independent component
analysis (ICA) algorithm implemented in EEGLAB (Jung et al., 2000).
After ICA, any epoch with incorrect behavioral response and voltage
exceeding 75 �V in any scalp channel was rejected from further analysis.
The total rejection rate of trials from each subject was between �7 and
�30%. The remaining artifact-free signals were rereferenced to the av-
erage reference. Since the exact electrode locations are slightly different
from subject to subject, spherical spline interpolation was applied to
project each subject’s 128 channels of data into a standard 10 –10 mon-
tage with 81 channels (Anderson and Ding, 2011). All of the following
analyses were performed on the standardized 81 channel data.

ERP analysis and time-on-task effects
We focused on color-naming trials. Compared to word-reading trials,
color-naming trials required increased cognitive control and were thus
more prone to the deleterious effects of cognitive fatigue. ERPs evoked by
the color cue were thus expected to provide a more sensitive measure of
the time-on-task effect.

ERP averaging for different time blocks. To assess the time-on-task effect
on ERPs, we segmented the 160 min data into 40 min time blocks. A 40
min time block contained �100 color-naming trials for each subject after
preprocessing, sufficient for obtaining a reliable estimate of the ERPs.
However, if we segmented the 160 min data into 40 min blocks without
overlap, it would result in only four time blocks (0 – 40, 40 – 80, 80 –120,
and 120 –160 min) for analysis. To increase the temporal resolution, we
applied a 40 min moving window through the 160 min data with a 10 min
moving step. This resulted in 13 overlapped time blocks (e.g., 0 – 40,
10 –50, . . ., 120 –160 min) for analysis. Compared to the nonoverlapped
4 time blocks, the overlapped 13 time blocks can reveal the time-on-task
effect with better temporal resolution. For each time block, the ERP
waveforms for each scalp electrode were extracted by averaging prepro-
cessed epochs of color-naming trials separately for each subject. The
extracted ERP waveforms were low-pass filtered with the cutoff set at
30 Hz. A 200 ms period preceding the cue onset was used as baseline.

Global field power. GFP is a measure of global strength of evoked res-
ponses and provides an index of the overall level of brain activation as a
function of time (Lehmann and Skrandies, 1980; Murray et al., 2008).
Mathematically, GFP at each time point is defined as the SD of the electric
potentials from all electrodes with respect to the average reference at that
time point. GFP time course helps to identify the time periods in which
brain activities were mostly affected by time on task.

The GFP functions were first computed for each color-cue epoch
(from �200 to 1500 ms relative to cue onset) and then averaged across all
the color-cue trials in each 40 min time block. GFP changes over time
blocks were then tested via a one-way repeated measures ANOVA using
a 100 ms moving window. The time periods with p values of �0.1 were
selected as times of interest (TOIs) for further ERP analyses.

Analysis of spatial distribution of time-on-task effects. To study the
spatial distribution of time-on-task effect on ERPs, we tested the ERP
changes over time blocks for each scalp electrode. The mean amplitudes
of ERP within each TOI identified by the GFP analysis were first com-
puted for each electrode for each time-on-task block. The changes of
ERP amplitudes over different time-on-task blocks were then tested via
one-way repeated measures ANOVA. Tested p values were adjusted for
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multiple comparisons by the number of electrodes using the Holm-
Bonferroni correction (Holm, 1979). The adjusted p values �0.05 were
considered as statistically significant. Regions with at least three contig-
uous significant electrodes were selected as regions of interest (ROIs) for
further analyses.

Analysis of temporal dynamics of time-on-task effects. Page’s trend tests
(Page, 1963) were applied to test whether the ERP amplitudes from the
ROIs consistently declined over time-on-task blocks across subjects. The
p values were obtained from 10,000 within-subject permutations of time-
on-task blocks. The temporal trajectories of mean ERP amplitudes aver-
aged across subjects were examined by linear and quadratic regressions.
The differences of ERP amplitudes between two time-on-task blocks
were tested via paired t tests.

Relationship between ERP and RT. To ascertain the functional signifi-
cance of changes in brain responses to the onset of the color-cue, we
examined the relationship between ERPs and behavior by sorting each
subject’s trials into equal-sized fast, medium, and slow RT groups with
50% overlap. Congruent trials and incongruent trials were sorted sepa-
rately and then combined. The differences of ERP waveforms for differ-
ent RT groups were tested via repeated measures ANOVA within a 100
ms moving window.

Results
Performance over the 160 min task showed a significant time-on-
task effect with slowing of RT consistent with cognitive fatigue
(1169 � 46 ms in first 40 min block to 1402 � 72 ms in last block;

repeated measures ANOVA with Greenhouse–Geisser correc-
tion, F(1.76, 22.93) � 8.07, p � 0.003) and a trend toward worsening
accuracy (3.39 � 0.65% error rate in first block vs 5.34 � 1.12%
in last block; F(1.81, 23.49) � 2.93, p � 0.078).

GFP waveforms are shown in Figure 1A. Statistical analyses
(Fig. 1B) reveal that brain responses with significant time-on-task
variability occurred within two time periods relative to the cue;
an early period of 336 – 420 ms and a late period of 640 –1272 ms.
Figure 1C shows the statistical topographical maps of time-on-
task effect on ERPs during these two TOIs with the early ERP
component demonstrating activity in midline frontal (MF) and
parietal (MP) regions and the late ERP component involving the
anterior frontal (AF) region. Based on these statistical topograph-
ical maps, we selected the MF and MP regions as ROIs for the
early ERP analysis and the AF region as the ROI for the late ERP
analysis (Fig. 1D).

The temporal trajectories of the amplitudes of the three ERP
components over time-on-task blocks are shown in Figure 2.
ANOVA confirmed that the time-on-task effects were significant
for these three ERP components (F(1,12) � 3.52, p � 0.0003 for
early ERP from MF; F(1,12) � 5.39, p � 0.0001 for early ERP from
MP; F(1,12) � 4.41, p � 0.0001 for late ERP from AF). For the early
ERP components from MF and MP, the amplitudes consistently

Figure 1. Time-on-task effects on evoked activities and their spatial distributions. A, The color cue-related GFP waveforms for different time-on-task blocks. Time 0 on the x-axis denotes cue
onset. B, Results of statistical tests on changes of GFP waveforms over time blocks. The dash line indicates p � 0.1. Evoked periods with p � 0.1 are shaded in Figure 2A and selected for further
analyses. C, Statistical topographical maps of ERP changes over time blocks for the period of 336 – 420 ms and the period of 640 –1272 ms. The color scales denote F values from ANOVA tests.
Electrodes with significant ERP changes ( p � 0.05, corrected) are marked by asterisks. D, ROIs selected for further analyses. The electrode layout is the standard 10 –10 system. The anterior frontal
ROI contains electrodes at AF9, AF7, Fp1, Fpz, Nz, Fp2, AF8, and AF10. The midline frontal ROI contains electrodes at F1, Fz, and F2. The midline parietal ROI contains electrodes at CP1, CPz, CP2, P1,
Pz, and P2.
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declined over time-on-task blocks (p �
0.0002 for MF, p � 0.0001 for MP, Page’s
trend test). Their temporal trajectories of
the amplitude averaged across subjects
followed a linear relationship with time-
on-task (MF, r 2 � 0.74, p � 0.0002; MP,
r 2 � 0.84, p � 0.0001; Fig. 2A). In con-
trast, for the late ERP component from
AF, the amplitude first significantly in-
creased (p � 0.0016) from the first block
(0 – 40 min) to the middle block (60 –100
min), and then significantly decreased
(p � 0.037) from the middle block (60 –
100 min) to the end block (120 –160 min).
The temporal trajectories of the ampli-
tudes averaged across subjects followed a
nonlinear inverted U-shaped relationship
(r 2 � 0.78, p � 0.0005; Fig. 2B).

To further ascertain the functional
significance of the late AF ERP, we ex-
amined the relationships between the
amplitude of this ERP and RT by time-
on-task blocks. At the beginning of the
experiment (0 – 40 min), there was no
significant correlation between the ERP
and behavioral performance (Fig. 3A),
suggesting this ERP had a limited func-
tional role before fatigue. For the mid-
dle time-on-task block (60 –100 min),
we observed a significant association be-
tween ERP amplitude and RT, with larger ERPs being associ-
ated with faster RTs (Fig. 3B), suggesting that this ERP was
recruited to maintain task performance. For the last time
block (120 –160 min), the previously observed ERP associa-
tion with RT was diminished with significant effects now only
found for a later time period relative to cue onset (1400 –1500
ms; Fig. 3C). This finding parallels the ERP amplitude de-
crease over late time blocks, suggesting compensation is also
time limited.

As a final examination of the potential compensatory role
of the AF ERP, we separated the 0 –160 min time-on-task in-
terval into a compensation phase (0 – 80 min) and a decom-
pensation phase (80 –160 min) based on the rise and fall of this
ERP’s amplitude (Fig. 4A). Since compensation would help
maintain task performance, the rate of performance decline
would accelerate in the decompensation phase. Figure 4B–D
displays three distinct task performance measures during each
phase: error rate, unusually long RT trials (�2 s) thought to
reflect momentary lapses in attention (Smith and Nutt, 1996;
Smith et al., 2005), and mean RT as a function of time-on-task
blocks. The 2 s threshold for unusually long RT trials was
selected based on the 90% cutoff point of the RT distribution.
As seen in Figure 4, B and C, error rate and long RT trials were
not significantly different from the beginning time block ( p �
0.05, paired t test) during the compensation phase. Significant
increases ( p � 0.05) of error rate and long RT trials were
observed only during the decompensation phase. For mean
RT, although we observed significant increases ( p � 0.05)
during both the compensation phase and the decompensation
phase (Fig. 4D), the slope of RT slowing during the compen-
sation phase was significantly smaller ( p � 0.0460) than dur-
ing the decompensation phase (Fig. 4E).

Discussion
Consistent with our initial hypothesis, we identified neural activ-
ity engaged to compensate for fatigue-related cognitive perfor-
mance decline. Specifically, we identified an anterior frontal ERP
that demonstrated several characteristics strongly suggestive of a
compensatory role including: (1) no change in amplitude or cor-
relation with performance during baseline/prefatigue perfor-
mance, (2) increase in amplitude during compensatory period
with significant positive association with task performance, (3)
subsequent decompensation followed by a final period of disen-
gagement and loss of association with task performance, and (4)
accelerated performance decline during the period of disengage-
ment. This pattern of results is consistent with our predictions of
compensatory neural activity as well as prior studies of compen-
satory central neural activity for motor performance (Liu et al.,
2002).

Although the precise neural source of this compensatory ac-
tivity cannot be determined solely on the basis of our ERP data,
the topography of these results suggest a source distinct from
other cue-related neural activity associated with nonfatigued per-
formance of this task (Wang et al., 2015). This ERP is also notable
for demonstrating task-related changes in activity much later in
the preparatory period than previously reported task-related
ERPs (700 –1100 vs 250 – 450 ms). Our data-driven approach is
critical in allowing identification of this ERP. Since it is not asso-
ciated with task performance in the initial prefatigue time period,
it would not have been possible to identify it based on traditional
ERP paradigms or a priori theoretical considerations.

We speculate that this ERP may reflect anterior cingulate or pre-
supplementary motor area activity; both areas have been associated
with modulation of effort and cognitive control (Sohn and Lee,
2007; Vassena et al., 2014). Alternatively, this ERP may reflect ante-
rior orbitofrontal activity, an area previously associated with subjec-

Figure 2. ERP amplitude as a function of time on task. A, Linear decrease of ERP amplitude during the evoked period of
336 – 420 ms over the midline frontal and the midline parietal ROIs. B, Inverted-U function of ERP amplitude during the evoked
period of 640 –1272 ms over the anterior frontal ROI. Error bars indicate SE.
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tive sensations of fatigue in healthy subjects
performing a cognitive task (Tajima et al.,
2010) and in multiple sclerosis (MS) pa-
tients with chronic fatigue complaints (Par-
dini et al., 2013). Interestingly, activity in
this area was associated with improved mo-
tor performance among MS patients in the
same study, suggesting a potential compen-
satory role. This area has also been posited
to be involved in monitoring the ongoing
balance between task rewards and fatigue-
related costs (Boksem and Tops, 2008).
Future studies using magnetoencephalo-
graphy or functional MRI could be pursued
to delineate the neuroanatomical source of
the anterior frontal ERP.

Although anterior frontal activity
may be associated with ocular artifacts
(Hughes and Miller, 1988) and eye strain
may be seen in fatiguing protocols (Filt-
ness et al., 2014), this activity would be
expected to increase linearly across the en-
tire task period and show no association
with behavioral performance. Similarly,
subjective sensations of fatigue and cost–
benefit estimations of effort would be ex-
pected to increase across the entire time
course of the task and would not be ex-
pected to be associated with task perfor-
mance. Learning effect is another possible
confounding factor. However, in the
behavioral data, we did not observe any
performance improvement from the very
beginning, suggesting that learning effect
is not a major concern. In addition, prior
neuroimaging studies found that the prin-
cipal effect of practice is a reduction in the
extent and magnitude of activity in corti-
cal networks (Kassubek et al., 2001; Chein
and Schneider, 2005). In contrast, we
observed an increase of anterior frontal

Figure 4. Task performance during compensation and decompensation. A, ERP amplitude during 640 –1272 ms from the
anterior frontal ROI was used to define the compensation phase (0 – 80 min, shaded in blue) and the decompensation phase
(80 –160 min, shaded in red). B, Error rate in color incongruent condition as a function of time on task. Significant error rate
increases compared to the beginning time block are marked by asterisks. C, Long RT trials (number of trials with RTs longer than 2 s)
in the color incongruent condition as a function of time on task. Significant increases of long RT trials compared to the beginning
time block are marked by asterisks. D, RT in the color incongruent condition as a function of time on task. Significant RT increases
compared to the beginning time block are marked by asterisks. E, Slope of RT increase is higher in the decompensation phase than
in the compensation phase ( p � 0.05). Error bars indicate SE.

Figure 3. Anterior frontal ERP and behavior. A–C, ERP waveforms from the anterior frontal ROI for fast, medium, and slow RT trials during the first time block (0 – 40 min; A), the middle time block
(60 –100 min; B), and the last time block (120 –160 min; C). Time 0 on the x-axis denotes cue onset. Results of statistical tests on the ERP differences among different RT groups are plotted at the
bottom of the figure. A significance threshold of p � 0.05 was applied. During the first time block, no significant ERP difference was observed for different RT groups. During the middle time block,
significant ERP separations were found in the range of 468 –1450 ms. During the last time block, significant ERP separations were found only in the range of 1360 –1450 ms.
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brain activity over early time-on-task period. It is therefore un-
likely that our findings are due to practice/learning effect.

In summary, this study demonstrates that neural mechanisms
exist to maintain cognitive performance in the face of fatigue. We
propose that fatigue-related compensatory activity and decompen-
sation may prove a useful model to better understand compensatory
brain activity in a relatively short time frame in healthy younger
adults and may shed light on these processes in aging and neurolog-
ical illness. Similarities between our findings and compensatory
mechanisms reported in aging include increased recruitment, pos-
terior to anterior shift, and prolonged/delayed recruitment (Eyler et
al., 2011; Barulli and Stern, 2013; Störmer et al., 2013). Interestingly,
the orbitofrontal cortex (Habeck et al., 2012; Burianová et al., 2013)
and anterior cingulate (Ansado et al., 2012), possible sources of the
observed anterior frontal ERP, have both been associated with ben-
eficial compensatory responses in older adults with and without cog-
nitive impairment.
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